A single-molecule detection setup based on total internal reflection fluorescence (TIRF) microscopy has been used to investigate association and dissociation kinetics of unlabeled 30mer DNA strands. Single-molecule sensitivity was accomplished by letting unlabeled DNA target strands mediate the binding of DNA-modified and fluorescently labeled liposomes to a DNA-modified surface. The liposomes, acting as signal enhancer elements, enabled the number of binding events as well as the residence time for high affinity binders (K d < 1 nM, k off < 0.01 s À1 ) to be collected under equilibrium conditions at low pM concentrations. The mismatch discrimination obtained from the residence time data was shown to be concentration and temperature independent in intervals of 1-100 pM and 23-468C, respectively. This suggests the method as a robust means for detection of point mutations at low target concentrations in, for example, single nucleotide polymorphism (SNP) analysis.
INTRODUCTION
Bulk-based methods such as differential-scanning and isothermal-mixing calorimetry (1,2) combined with theoretical representations have enabled predictions of the thermodynamic stability of arbitrary DNA duplexes of up to 40 bp (3) . Similarly, kinetic studies of DNA-hybridization in bulk have provided information on the rate constants characterizing the hybridization and dissociation reactions (4) . The introduction of DNA microarrays in the late 1980s, where spot-size miniaturization and advanced imaging techniques today provide multiplexed readout of 10 5 -10 6 targets (5), has increased the throughput and applicability of DNA analysis enormously. However, with few exceptions, these assays rely on fluorescence read-out and end-point measurements, which generally exclude information on hybridization kinetics. In this context, surface-sensitive techniques that provide information on hybridization kinetics in the absence of fluorescent labels have emerged as attractive alternatives (6, 7) . Information on hybridization kinetics is also relevant for detection of point mutations (SNP analysis), since single mismatches have been shown to have clearly measurable influences on hybridization dynamics (8, 9) . However, most surface-sensitive techniques compatible with label-free read-out of hybridization dynamics, such as impedance spectroscopy (10) , quartz crystal microbalance (QCM) (6) and surface plasmon resonance (SPR) (7, 11) , where in the latter case parallel analysis of up to 400 different probe sequences has been reported using imaging SPR (12) , suffer from relatively low sensitivity. This, in turn, yields limits of detection (LOD) in the nM regime at best. Furthermore, the relatively low LOD of most label-free techniques implies that in order to achieve detectable signals, a high density of surfaceimmobilized DNA probes is required (typically >10 pmol/cm 2 ). This, in turn, may influence the hybridization reaction negatively through steric hindrance or electrostatic repulsion (13) , as evident from comparisons with related data recorded in bulk (14) . In addition, high surface-probe densities increase the risk of masstransport limitations (15, 16) , adding requirements on analysis using multi-component kinetic models causing additional uncertainties (16, 17) . Hence, sufficiently sensitive sensors concepts compatible with low probe densities (preferably <0.1 pmol/cm 2 ) but still capable of providing information on binding/unbinding kinetics without having to directly label the analyzed DNA targets, are of great interest.
A number of concepts providing detection of unlabeled DNA (as well as protein) targets with impressive sensitivity have recently been introduced, demonstrating LODs reaching down to the fM concentration regime (18) (19) (20) (21) (22) . However, most of these methods rely on some kind of signal enhancement through, for example, silver development (19) or enzymatic amplification (20) . This, in turn, limits their applicability to end-point measurements. The semiconductor nanowire-based sensor concept introduced by Lieber et al., was proven capable of detecting DNA hybridization at fM concentrations without further signal enhancement (23) . However, using this principle, target concentrations in the nM regime were needed to perform kinetic measurements under physiological conditions (24) . A potentially promising label-free technique with single-molecule sensitivity was developed by Howorka and co-workers (25) . With an oligonucleotide covalently attached inside a genetically engineered protein pore residing in a black lipid membrane, they successfully monitored hybridization and dissociation events of single 7 and 8 bases long DNA targets using single-channel current recording. However, this approach is based on sequential measurements of single binding events, which so far restricted its applicability to high target concentrations (mM) and low affinity binders (equal to or less than eight bases).
Imaging techniques provide a solution to the problem connected with sequential readout, but in order to reach single-molecule sensitivity, the target molecules must generally be fluorescently labeled. Due to rapid photobleaching, this restricts the detection time window to a few seconds (26, 27) and can thus only be applied to low affinity binders (k off > 0.1 s À1 ). Using a sandwich format similar to that utilized by Cao et al. for detection of DNA and RNA targets (28) , we recently demonstrated that TIRF microscopy can provide parallel detection of high affinity (k off < 0.01 s
À1
) single hybridization events with a LOD in the low fM regime. This was accomplished by letting unlabeled DNA targets mediate the binding of fluorescently labeled liposomes to a DNA-modified surface (29) . In the present work, we extend the concept (schematically illustrated in Figure 1 ) by performing an analysis in equilibrium of single binding events. In this way, determination of the equilibrium dissociation constant, K d , and a thermodynamic analysis of the dissociation rate constant, k off , are shown possible from a single injection of DNA targets at low pM concentrations. Operation under equilibrium binding conditions reduces problems related to mass-transport limitations, and the single-molecule sensitivity makes the concept compatible with low surface-probe densities (<0.1 pmol/cm 2 ). Particular focus is put on the capacity of the assay to discriminate fully complementary from single mismatch sequences. The potential of single-mismatch discrimination was evaluated in a range of target concentrations (1-100 pM) and in a broad temperature interval (23-468C) . We also propose an alternative kinetic and thermodynamic analysis of this type of data, which relies on the ratio between the number of detaching liposomes and the integrated number of bound liposomes at equilibrium binding conditions.
MATERIALS AND METHODS

Preparation of DNA-modified liposomes
Liposomes were prepared by extrusion. 99 wt% egg-PC (L-a-phosphatidylcholine, Avanti Polar Lipids, USA) and 1 wt% rhodamine-DHPE (Lissamine TM rhodamine B 1,2--dihexadecanoyl-sn-glycero-3-phosphatidylethanolamine, Invitrogen, USA) with a total lipid mass of 2.5 mg were dissolved in 1 ml chloroform in a small round beaker and subsequently dried in a nitrogen environment for at least one hour. The lipids were rehydrated in 1 ml HEPES buffer (100 mM NaCl, 10 mM HEPES, pH 7.4) and were vortexed for about 3 min. The suspension was then extruded at least 21 times through a 100 nm polycarbonate membrane (Whatman, UK) and stored at 48C. Prior to measurements, the liposomes were modified with DNA by incubating the liposome suspension with hybridized pairs of cholesterol-terminated DNA strands (3 0 -cholesterol CCC AGG CAG CAC GGA ATA AAG ACT ACA GGT-5 0 and 5 0 -cholesterol-CCC TCC GTC GTG CCT-3 0 , MedProbe, Norway) for at least 1 h (1:1 molar ratio). This leads to irreversible self incorporation of the cholesterol-DNA construct (30) . Prior to injection, the target sequence was added to the DNA-modified liposome solution (30 pM liposomes). The protocol used to modify liposomes with DNA was kindly provided by LayerLab AB, Gothenburg, Sweden.
Surface preparation
Prior to all surface modifications, the substrate (quartz cover glass) was cleaned using piranha solution (3:1 mixture of concentrated sulfuric acid and 30% hydrogen peroxide) (Caution: piranha solution reacts very violently and should be handled with great care) followed by extensive rinsing in Milli-Q TM water (Millipore, USA) and drying under nitrogen gas. The clean substrate was placed in a custom-made flow cell, equipped with a thermocouple and a temperature probe, after which the flow cell was filled with HEPES buffer. TAT TTC TAA TGT CCA GGG TGA GAC  TGA CGT-3 0 , MedProbe, Norway). For the measurements of non-specific interactions, no target DNA was added. HEPES buffer (100 mM NaCl, 10 mM HEPES, pH 7.4) was used in all experiments.
TIRF setup and temperature control TIRF excitation at 530 nm was obtained using a Kr-Ar mixed-gas ion laser, coupled to the substrate using a prism and refractive index-matched immersion oil. An inverted microscope (Nikon Eclipse TE2000-U, Nikon Corporation, Japan) with a 60Â water immersion objective (NA = 1.00), TRITC filter set and shutter (MAC 5000, Ludl, USA), was coupled to a cooled CCD camera (iXon, Andor Technology, Northern Ireland) to collect the fluorescence micrographs. Time-laps images were acquired for 1 h at a rate of one image every 20 s. The temperature was controlled using a Peltier element (ELFA, Sweden) and the temperature was allowed to stabilize for at least 20 min before each measurement.
Image analysis
A liposome is counted as bound if its intensity exceeds the detection threshold ( Figure 1B) . If the intensity of a bound liposome suddenly drops below the dissociation threshold it is considered dissociated. Since all immobilized liposomes will be slightly affected by bleaching, the drop in intensity between two subsequent frames, must be larger than a specified value (typically half of the detection threshold) to be counted as a detached liposome. A small fraction (typically a few percent) of the total population of liposomes will reach intensities below the bleaching threshold due to bleaching, rather than release. Such liposomes are considered bleached and are not included in the analysis of the dissociation events, nor in the estimation of k off,eff (see below).
Due to the finite time-span of the measurement, liposomes that bind in the late part of a measurement will have less time to dissociate from the surface than liposomes that bind at earlier stages. This is accounted for by dividing the total measurement time into two parts of equal duration. Only liposomes that bind during the first half are studied. The number of these liposomes that subsequently lose contact with the surface at various times after the binding event, up to half the total measurement time, is determined. However, for the estimation of k off,eff (see below), binding during the entire measurement interval (1 h) is used in the analysis. Note, that the kinetic extraction is independent of at which point in time the actual measurement starts, since only new liposomes that bind during the measurement are included in the analysis.
RESULTS AND DISCUSSION
Two important parameters must be considered in order to successfully monitor residence times of single molecule binding events using fluorescence imaging techniques. First, the signal-to-noise ratio must be sufficiently high and consistent throughout the entire measurement to avoid false counts. TIRF-based illumination of bright surface-bound liposomes, each containing $1000 ($1%) fluorescently labeled lipids, provides a convenient solution to this problem. The high amount of fluorophores per liposome in combination with time-laps imaging also reduces bleaching and enables monitoring of single molecule residence times for up to hours. This stands in contrast to most other single-molecule assays, which are usually limited to a few seconds, or, in the case of quantum dots, weaker signals and problems connected with emission blinking. Second, each interaction should correspond to a single-molecule binding event, which in the context of the assay used in this work means that a single molecular interaction should be responsible for each liposome binding event. This can be controlled using low densities of surface-immobilized DNA probes and/or by ensuring that each liposome carries no more than one DNA probe. However, in order to observe a sufficient number of binding events to produce reliable statistics we used in this work a 1:1 ratio of DNA and liposomes and a surface-probe density sufficiently high to ensure that the maximum liposome coverage, n max , corresponds to the jamming limit (more than one surface immobilized DNA probe per projected liposome area). Although the 1:1 ratio implies that a significant fraction of the vesicles carry more than one cholesterol-DNA, single molecular interactions will still dominate at a sufficiently low target DNA concentration. With a K d of a few nM for a typical 15-bp DNA helix used in this work (9) , the coverage of DNA targets at a bulk concentration in the low pM range is less than 1% of the maximum coverage. Hence, the number of liposomes bound with more than one DNA tether to the substrate (less than <0.5% of the total number of bound liposomes) is expected to be negligible under the current experimental conditions (see further below).
Determination of the dissociation rate constants
Kinetic information was extracted by following the residence time of individual DNA-target mediated liposome binding events. Figure 2A shows the number of DNAmodified liposomes that remain bound to the surface after a certain residence time in the presence of a 30-mer fully complementary target sequence at a concentration of 30 pM. Note that the difference in the number of liposomes between each time interval corresponds to the difference in magnitude of subsequent bars in a traditional residence-time histogram. Hence, although the analysis is made at equilibrium binding conditions, the data represent dissociation traces typically obtained by following the release upon rinsing in conventional affinity sensors. Note also that only liposomes that bind during the measurement time are accounted for in the analysis. In this way, liposomes that bound before the start of the measurement as well as low intensity liposomes that are below the threshold of detection (see the unmarked, low intensity, liposomes in the inset in Figure 1A ) do not impair with the analysis. Figure 2B shows the same type of data generated upon subsequent heating from 238C via 298C and 368C to 468C at a single injection of DNA targets.
From Figure 2A it is clear that the dissociation rate is better represented by two, rather than one dissociation rate constant, suggesting a deviation from the simple Langmuir binding model. To interpret the bi-exponential dissociation behavior, which is commonly observed in DNA kinetic studies using surface-based methods (7, 9) , several factors must be considered. Even though two independent hybridization events are required for target detection, release occurs as soon as one of the hybridized regions dissociates. This means that a single exponential dissociation trace is still expected, given that each of the two dissociation processes follows a single exponential trend and/or if non-specific liposome binding is sufficiently low. Non-specific binding was evaluated by adding liposomes in the absence of target DNA (inset in Figure 2A) , demonstrating that the total number of binding events was less than 10% of the binding events for the complimentary target at 238C (red curve in Figure 2B ), and the dissociation rate was around 10 times faster (see figure legend) . It is therefore reasonable to assume that the bi-exponential kinetics reflects either a distribution of several dissociation rates or some complex inherent process dynamics. To investigate the latter aspect, we performed kinetic Monte Carlo (MC) simulations using a coarse-grained lattice model representing the dissociation of two complementary DNA strands, when one of the strands is attached to the surface and the other strand is attached to a slowly diffusing bead (Zhdanov et al., submitted for publication). The conclusion from these simulations is that the distribution of the dissociation rates is indeed exponential. This, combined with the low density of surface-immobilized targets, suggests that the observed bi-exponential dissociation is likely due to heterogeneity in accessibility of the immobilized probe DNA molecules to bind the DNA targets. Indeed, from an evaluation of literature data, Svitel and co-workers report remarkably few surface-based systems that display binding kinetics that can be represented by an ideal binding process described by the Langmuir model (17) .
Single mismatch discrimination
Even if the absolute dissociation rate constant is possibly influenced by the fact that the DNA probes are surface immobilized, the assay is still capable of discriminating a single mismatch (MM), from a perfect match (PM) (29) . With the target strand being simultaneously bound to a surface-immobilized probe (with a melting point of $538C) and a liposome-immobilized probe (with a melting point of $438C), introduction of a single mismatch to the weaker of the two binding regions resulted in an increase of the fast and slow rate constants by a factor of 2 and 3, respectively, as summarized in Table 1 .
Although in good agreement with literature values on DNA kinetics on surfaces (6,9), the inherent complexity of this as well as most other surface-based assays call for simplified means to evaluate binding and dissociation kinetics. By analyzing single-molecule binding events in imaging mode, both the fast and slow dissociation rates can be converted into an efficient dissociation rate constant, k off,eff , by simply dividing the number of detaching liposomes from the start of the measurement at t = 0, n -(t), with an integral over the total observation time of the number of bound liposomes at the time t, n + (t), (see Supplementary Data for details):
Note that this expression describes an effective dissociation rate constant, k off,eff , that corresponds to (i) the sum of the individual dissociation rate constants along a chain of reversible bindings (note that this alternative way of determining an effective desorption rate constant, k off,eff is independent of the number of molecules in the chain and the expression will reduce to a normal one-step Langmuir model if only one reversible binding exist) as well as (ii) a bi-exponential process, in our case represented by k off,1 and k off,2 . The temperature dependence of k off,eff is shown in the inset in Figure 2B , showing convergence towards a constant value as more statistics is collected. In agreement with both k off,1 and k off,2 , k off,eff increases with increasing temperature. The absolute value, however, is somewhat larger than k off,2 but significantly lower than k off,1 , and the introduction of a single mismatch leads to a reduction of k off,eff by a factor of three (Table 1 ). These observations suggest that k off,eff is primarily determined by the slower dissociation (k off,2 ). Most importantly however, this analysis shows that the single mismatch discrimination can be made from the image analysis directly, without time-consuming and sometimes uncertain fitting procedures.
Thermodynamic characterization of the dissociation reactions
To evaluate the sensitivity of the mismatch discrimination to temperature variations, the thermodynamic parameters that govern the dissociation process was evaluated. Figure 3 shows the temperature dependence of the dissociation rate constants for the fully complementary and mismatch sequences. Since the analysis was made under equilibrium conditions, the temperature could be varied in a single experiment without addition of new DNA targets. In Figure 3 , the temperature dependencies of the dissociation rate constants are displayed to facilitate an analysis using the Arrhenius expression
where A is the pre-exponential factor, R is the gas constant and E a the activation energy.
In agreement with literature data (31), both k off,1 and k off,2 increase with increasing temperature. The temperature dependence of k off,2 of the fully complementary sequence displays a slightly larger slope than that of the single mismatch, while no significant difference in the temperature dependence was observed for k off,1 . As summarized in Table 2 , the corresponding activation energies vary Figure 1B ). To avoid influence from unspecific binding, liposomes that remained at the same position within the evanescent field for less than three frames (60 s) are not accounted for in the analysis. The dissociation rate was fitted with two (black line) and one, and an irreversible fraction, (green line) dissociation rate constants. From the double exponential fit ( f(t) = A 1 exp(Àk off,1 t) + A 2 exp(Àk off,2 t)) typical values for k off,1 and k off,2 were 0.007 s À1 and 1 Â 10 À4 s
À1
, respectively, at 368C. Inset: Dissociation trend for non-specific interactions of liposomes at 238C with k off,1 = 0.02 s À1 and k off,2 = 4 Â 10 À4 s
. (B) The same type of data as in A for 23, 29, 36 and 468C. Inset: Accumulative representation of the number of liposomes that has bound and subsequently lost contact with the surface divided with the total number of liposomes that has bound to the surface [Equation (1)], for the different temperatures. Table 1 . Dissociation rate constants at ambient temperature (238C) from curve fits of the residence times, k off,1 and k off,2 , and the effective dissociation rate constant, k off,eff , including AE one standard deviation
between 52 and 81 kJ/mol. A similar trend was observed also for the effective dissociation constant, k off,eff , [Equation (1)]. Both the relative differences and the temperature dependence of k off,eff for the two target sequences are in agreement with those observed for k off,2 . These results show that the single-mismatch and the fully complementary sequences reveal no significant differences in activation energies ( Table 2 ), suggesting that the difference in the absolute dissociation rates has an entropic origin (31, 32) . Although in agreement with previous data using surface-based methods (7, 31) , the absolute activation energies are approximately a factor of eight lower than expected for a 15-bp duplex measured in bulk solution (33) . Together with the observation of a bi-exponential dissociation behavior, this suggests that the underlying polymer support, and possibly also the liposomes, used as enhancer elements, do influence the kinetics of the dissociation reactions. However, these effects do not prohibit efficient single-mismatch discrimination in a wide temperature range.
Determination of equilibrium dissociation constants
The single-particle imaging mode also provides a means to determine an effective equilibrium dissociation constant, K d . This was accomplished by either quantifying the surface coverage at equilibrium conditions or by measuring the number of binding events per unit time, (dn + (t)/dt) eq , again from equilibrium binding conditions. for MM since at these temperatures the hybridization is too weak for sufficient statistics. Multiple temperature sweeps were performed for each DNA target. The error bars represent AE one standard deviation in dissociation rate constant from three independent measurements at each temperature. Figure 4D ). Also (dn + (t)/dt) eq was observed to increase linearly with target concentration, as expected from its linear dependence on C target (Supplementary Data):
where C liposome is the concentration of liposome:cholesterol-DNA (30 pM), and K d,A and K d,B are the equilibrium dissociation constants for hybridization of the DNA target to the surface-and liposome-immobilized DNA probes, respectively. With n max determined as the jamming limit of randomly adsorbed spheres ($54% surface coverage) with a diameter of 100 nm, n max becomes 69 mm À2 . Under the assumption that Figure 4D ) using k off,eff = 1 Â 10 À4 s À1 (Table 1) . These values of K d are in good agreement with literature data for a 15-mer DNA duplex (9) . We stress, however, that since overlapping liposomes at high coverage lead to an underestimation of the counted number of liposomes -as illustrated by the overestimation of K d at higher target concentrations ( Figure 4D ) À the uncertainty in the determination of K d is larger than the uncertainty in the determination of k off À which is unaffected by the total fraction of monitored liposomes. This is particularly relevant with respect to mismatch discrimination, in which case the determination of K d (and k on = k off /K d ) requires that the target concentration is known, while the determination of k off is independent of the target concentration. This is illustrated in Figure 4E , which demonstrates only a weak dependence on k off,1 and k off,2 on target concentration. If a significant fraction of the liposomes was mediated by more than one DNA target, a strong concentration dependence of the dissociation constant is expected (34) . The weak concentration dependence of k off over two orders of magnitude thus strongly supports the assumption that each liposome-binding event is controlled by single DNA targets. Furthermore, in many practical situations aiming at, for example, single mismatch discrimination, such as in SNP diagnostics (35) , the target concentrations are unknown. The proposed discrimination based on dissociation rate constants, shown to be independent of target concentration, may thus offer a reliable means for such analysis.
CONCLUSION
We have utilized a single molecule assay to examine the kinetic and thermodynamic behavior of DNA binding and dissociation events. Kinetic information was extracted at low picomolar target concentrations, which are orders of magnitude lower than conventional surface-based instruments used for label-free kinetic measurements based on QCM or SPR. Although hundreds of individual binding events were used to produce sufficient statistics, LOD in the fM range can be reached without losing the possibility to analyze the kinetic and thermodynamic nature of the binding and release events. The assay is also compatible with array formats providing multiplexing capabilities through either bio-barcode identification or conventional spotting. The method may thus be an attractive alternative to commonly used assays for SNP analysis, such as microarrays (36) or fluorescent-bead assays (37) . These methods are both sensitive to cross hybridization due to small differences in sequence for single SNPs. Hence, multiplex SNP analysis requires highly redundant probe sets for each SNP (38, 39) and, in the case of fluorescent-bead assays, allele specific primer extension (ASPE) is generally used (40) . SNP analysis based on difference in the rate of dissociation must not necessarily rely on enzymatic discrimination and since the target concentration must not be known a priori, there is in principle no need of more than one 'spot' per SNP.
We also emphasize the generic nature of the method. Liposomes can be readily modified with not only DNA, but also water-soluble proteins, and are ideally suited as hosts for proteins that naturally reside in the cell membrane of living cells. This, in combination with the capability of the method to permit measurements of dissociation kinetics at very low target concentrations for both high and low affinity interactions, points towards applicability of the method in studies of a multitude of biological processes. This holds especially true since the single molecule analysis in principle also permits investigations of the heterogeneity of individual binding sites. Although beyond the scope of the present work, which focuses on high affinity binders, this feature can be used to unravel whether deviations from a single exponential dissociation behavior, generally observed using surfacebased formats, originates from surface heterogeneity or fluctuations at each specific binding site on the surface.
